The high current regime of a magnetron-type discharge has been investigated. The discharge uses a permanent magnet as a cold cathode which emits secondary electrons while the chamber wall or a grounded electrode serves as the anode. As the discharge voltage is increased, the magnet develops cathode spots, which are short duration arcs that provide copious electrons to increase the discharge current dramatically. Short (1 ls), high current (200 A) and high voltage (750 V) discharge pulses are produced in a relaxation instability between the plasma and a charging capacitor. Spots are also observed on a negatively biased plane Langmuir probe. The probe current pulses are as large as those on the magnet, implying that the high discharge current does not depend on the cathode surface area but on the properties of the spots. The fast current pulses produce large inductive voltages, which can reverse the electrical polarity of the magnet and temporarily operate it as an anode. The discharge current may also oscillate at the frequency determined by the charging capacitor and the discharge circuit inductance. Each half cycle of highcurrent current pulses exhibits a fast (' 10 ns) current rise when a spot is formed. It induces high frequency (10-100 MHz) transients and ringing oscillations in probes and current circuits. Most probes behave like unmatched antennas for the electromagnetic pulses of spot discharges. Examples are shown to distinguish the source of oscillations and some rf characteristics of Langmuir probes. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Magnetron discharges are cross-field discharges between a cathode and an anode. The cold cathode emits secondary electrons due to impact of energetic ions at sufficiently high discharge voltages (>500 V). The impacting ions sputter neutrals from the cathode surface and provide an application in plasma processing. While the basic mechanism of the dc discharge is described in many papers and reviews, [1] [2] [3] [4] the regime of pulsed high-current discharges is a topic of ongoing research. 5 In this regime, the physics of cathode spots or arcs plays an important role. 6 In these shortduration arcs, the cathode material is evaporated and ionized and forms a dense discharge, which allows high currents to flow across the magnetic field. However, the classical electron conductivity cannot explain the cross-field currents, which have therefore been associated with anomalous transport due to turbulence. Instabilities in magnetrons have been predicted theoretically 3 and observed experimentally, 7 but this topic remains under investigation.
The present experiment employs the simplest magnetron using a permanent magnet as cathode and the vacuum chamber as anode. It does not focus on sputtering applications but on the discharge physics whose basic characteristics are described in a companion paper. 8 The present focus is on high current discharges, which involve cathode spots 6 and anode spots. 9 The discharge is energized by a charged capacitor resulting in periodically repeated pulses due to the hysteresis of the discharge and the repeated charging and discharging of the capacitor. Electromagnetic effects dominate the discharge. The pulse width is given by the capacitance C and the inductance L of the current circuit. Likewise, the peak current is mainly determined by the charging voltage and the circuit impedance, ðL=CÞ 1=2 , which is larger than the plasma resistance. The discharge current can reverse the magnet's electrical polarity, converting the magnet into an anode with anode spots. Since the spot discharges are localized effects, they destroy the discharge uniformity around the magnet which creates radial electron Hall currents and fast current closure. Spot discharges are also created on a pulsed plane Langmuir probe. Since the peak current is comparable to that of spots on magnets, the current density does not depend on the electrode size but the spot size. Current densities of J ) 200 A=cm 2 are inferred. The impulsive spots cause transients and ringing oscillations in the current circuit and most probes. Different ringing frequencies on each probe and different spots can make the identification of oscillations difficult. Various examples are given to clarify source and effects. Probe transient signals are important to understand because they are much larger than probe signals from waves and instabilities, which are addressed in the third companion paper. 10 This paper is organized as follows: After describing the experimental setup and diagnostics in Sec. II, the observations of instabilities will be presented in Sec. III. The findings are summarized in the conclusion, Sec. IV.
II. EXPERIMENTAL ARRANGEMENT
Since the experimental setup shown schematically in Fig. 1 (a) has already been described in a companion paper, 8 here it will be briefly summarized while focusing more on the diagnostic probes. The setup consists of a metallic vacuum chamber with a permanent magnet placed in the center and filled with Argon gas (p > 10 À3 mbar). The magnet is biased negatively (À800 V), which causes secondary electron emission by ion impact and creates a cross-field discharge of the magnetron type. Electrons are confined by magnetic and electric fields, which enhance the ionization efficiency. The energetic electrons are located in the equatorial plane of the magnetic dipoles and produce a dense plasma torus.
Since the discharge heats the magnet and can even demagnetize it, the high current discharges require pulsed power supplies. The simplest setup consists of a charged capacitor and a high-voltage switching transistor as sketched in Fig. 1(b) . However, rise time and currents are limited. This is overcome by a minor modification of the circuit: The larger 2 lF capacitor charges a smaller 0:1 lF capacitor via a 25 X series resistor. The smaller capacitor is then discharged without a series resistor into the plasma allowing fast rise time pulses of high current (>200 A) and short durations (1 ls) to flow during spot discharges. The current does not flow through the switching transistor but directly from the small capacitor through the plasma to ground. The discharge current is obtained from a Rogowski coil. The pulse rise time is determined by the capacitance and inductance of the current circuit. The pulses repeat since the small capacitor is discharged through the plasma and recharged by the primary supply, which limits the duty cycle of the spot discharges. The short pulses are created by a relaxation oscillation and not by the switching transistor, which is closed during the observations. Permanent magnets of different geometries and materials are used. These include Neodymium, Samarium-Cobalt, and Ferrite magnets with cylindrical, spherical, and linear geometries. The peak magnetic field ranges from 1-9 kG, which magnetizes electrons but not Argon ions.
Langmuir probes are used to determine the basic plasma parameters ( Fig. 2(a) ). Only small cylindrical probes are used (0.125 mm diam. and 2 mm length) since drawing electrons from the confinement region can modify the discharge. A larger plane electrode ð1 cm Â 1 cm TaÞ is used to determine the ion saturation current. Since the probes are fed by coaxial cables, they can also be used to detect rf oscillations. Because the plasma potential can be highly negative, the grounded shield is insulated by a fiber glass sleeving so as to avoid electron collection. Insulated probes without coaxial shields are also used but are subject to capacitive and inductive coupling through the insulated wire.
A differential Langmuir probe has been employed to detect rf electric fields ( Fig. 2(b) ). It consists of two 1 mm diam. semirigid coaxial cables connected to a balanced broadband rf transformer (0:2-350 MHz). The floating transformer avoids ground currents and the differential arrangement measures wave fields while canceling common-mode signals due to the large potential swings in pulsed discharges.
Magnetic rf probes have been used to detect time-varying magnetic fields in pulsed discharges (Fig. 2(c) ). These are made of 1 mm diam. coaxial cables, bent into an 8 mm loop with a break in the outer shield. Further improvements include two opposing loops connected to a center-tapped balanced rf transformer, which minimizes common-mode signals and ground currents. One magnetic probe measures only one field FIG. 1. Schematic diagram of (a) the experimental setup and (b) the electronic circuit to produce short, high current magnetron discharge pulses. component but it is rotatable around its axis to confirm that the probe voltage changes as V probe / cos /.
The interpretation of the probe signals in pulsed high power discharges requires care. A probe is not only a particle collector but also an antenna with resonances. It can disturb the plasma, create instabilities, and can become an anode or cathode in a pulsed plasma.
III. EXPERIMENTAL RESULTS

A. High current discharge pulses
The regime of high current magnetron discharges involves a new effect, i.e., the spontaneous formation of cathode spots of short-duration (10 À8 ns) arcs. 6 These are visible as localized bright light flashes on the cathode which occur at random locations and times on the magnet surface. They allow large discharge currents to form which change the geometry of the discharge. Figure 3 explains the changed discharge properties.
As the charging voltage on the capacitor is increased, the peak discharge current rises dramatically [ Fig show images of the discharge on a linear and spherical magnet. The arc plasma expands in the E Â B direction and frequently forms a luminous ionization channel to the nearest anode point, which can be a nearby grounded probe shaft. The channel carries most of the discharge current as verified by magnetic probe measurements. The cross-field current channels are thought to be produced by azimuthal potential and pressure gradients, which allow radial cross-field drifts of energetic electrons. The potential gradients arise when the azimuthal Hall current is not closed. Radially drifting electrons are energized, ionize, and form a rapidly propagating ionization wave in a luminous channel that carries the current to ground.
While low current magnetron discharges leave the cathode surface clean and polished, cathode spots create a pitted surface as shown in Fig. 3(e) . Arcs melt the cathode material and leave small craters. Azimuthal drifts create streaks in the E Â B direction. Attempts to localize spots with a fine needle on the cathode were not successful. However, using a wire as a cathode localized the spots at least along one dimension. The lack of reproducibility complicates the study of cathode spots.
A sequence of short duration discharge pulses is shown in Fig. 4(a) . The first current pulse is the largest (220 A) since the capacitor's voltage is the most negative (À750 V). An expanded view of the first pulse is shown in Fig. 4(b) . The current waveform is sinusoidal for half a cycle. The voltage measured at the 0:1 lF capacitor does not simply decrease in magnitude due to the discharge but reverses sign due to inductive effects. The inductance includes that of the wire to the magnet and the current path through the plasma to ground. At the current maximum, the capacitor voltage is about À200 V, which yields a discharge resistance of 1 X. Shortly after the current maximum, the capacitor, hence magnet voltage, reverses sign. Since the magnet still collects ions, the plasma floating potential near the magnet must be larger than the magnet voltage, but near zero at the wall in order to collect electrons. With insufficient secondary electron emission, the magnet no longer functions as a magnetron cathode. When the current stops, the capacitor is recharged on a time scale RC ¼ 25 X Â 0:1 lF ¼ 2:5 ls until the voltage is negative enough to ignite the next spot discharge pulse. The pulse spacing depends on the charging rate and the threshold voltage for triggering a cathode spot. However, the minimum pulse spacing is one oscillation period, 2pðLCÞ
1=2 . Since a cathode spot produces a high density plasma, the magnet can continue to draw currents in the afterglow of the first pulse, which is demonstrated in Fig. 5(a) . The reverse current polarity implies that the magnet collects electrons and forms the anode while the wall becomes the cathode and collects ions. Since there is no source of energetic electrons, the discharge decays and reverse currents can only flow during the afterglow of the previous pulse. However, the current occasionally continues to oscillate around a lower positive current maintained by a magnetron mode discharge without cathode spots. From the oscillation frequency (f ' 550 kHz) and the external charging capacitor (0:1 lF), one obtains the inductance of the entire current path, which is determined to be L ¼ ðx 2 CÞ À1 ' 0:84 lH. The reactance of this L À C circuit is ðL=CÞ 1=2 ¼ 2:9 X while the resistance is R ' 1 X, thus the expected peak pulse current, V charge =ðL=C þ R 2 Þ 1=2 ' 750 V=3:1 X ' 240 A, is close to the observed value of 220 A.
In order to validate the inductance measurement, the circuit has been further simplified by connecting a straight wire from the capacitor through the chamber to ground. The ringing frequency is measured without plasma with the same pulsing circuit [ Fig. 5(b) ]. It yields a comparable, although somewhat higher, inductance (L ' 1:47 lH).
B. Cathode and anode spots on electrodes
It has been shown earlier that a very negatively biased probe emits secondary electrons, which create a plasma near a permanent magnet (see Fig. 2(c), part I   8 ). Thus, it is not surprising to also observe cathode spots on probes, as shown in the insert of Fig. 6 . Instead of by the cathode, the plasma is now produced by a pulsed plane Langmuir probe (1 cm Â 1 cm Ta plate) while the magnet is floating. Figure 6 shows the probe current for two different probe voltages. . The probe exhibits cathode spots, which create time-varying currents similar to those when the magnet is biased (100-200 A and 1 ls). Thus, the peak current does not depend on the cathode surface area but on the properties of the spot plasma. When the applied voltage is reduced (bottom trace,) the peak current decreases and the pulse spacing increases. At still lower voltages, the cathode spots disappear and the probe current drops by three orders of magnitude.
083504-4
Stenzel et al.
Phys. Plasmas 20, 083504 (2013)
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
The higher bias produces a large oscillatory current. A reduced bias produces smaller and repetitive pulses. The peak current and pulse duration are comparable to those produced by cathode spots on the magnet (>100 A; 1 ls). Thus, the spot discharge current does not depend on the size of the cathode area but is determined by the spot size. Since the spot size is much smaller than the probe area, the current density must be J spot ) 100 A=cm 2 , which requires electron densities n e ) 10 13 cm À3 for 1 eV electrons. Current reversals also occur on probes when the inductive voltage, L dI=dt, reverses the capacitor voltage, which turns the probe into an anode.
Arcs are not only confined to negatively biased electrodes but are also seen on positive electrodes as "anode spots." It occurs frequently when a grounded coaxial probe is brought into the vicinity of the magnet and the end of the outer conductor is not insulated. Figure 7 shows an image of an anode spot on a grounded probe shield, but not on the floating probe itself. It sputtered some of the probe material which left a white streak in the time exposure. By placing a magnetic probe close to the probe wire, the same magnetic perturbation is observed as by placing the probe close to the wire leading to the magnet (not shown). Thus, the anode spot carries the same current as the magnet and provides for the current closure.
The current closure at the chamber wall is not trivial since the skin depth for 1 MHz current oscillations is much smaller than the 5 mm thick Al chamber wall. Surface current must flow to chamber ports, which allow current closure between the inside and outside chamber surfaces. The rf current flow resembles that on a cutoff waveguide with holes.
C. Transient oscillations
The time-varying plasma properties and electromagnetic effects of spot discharges trigger oscillations in most probes. These can be orders of magnitude larger than plasma wave signals. Transient probe or circuit oscillations can be characterized as decaying oscillations excited by short-duration events such as spots. The frequencies of ringing signals are nearly independent of plasma parameters and the ringing may last longer than the discharge. The ringing frequencies are difficult to interpret but may arise from mismatching the probes to coaxial cables even when the latter are properly terminated into 50 X. At frequencies well above the ion plasma frequency, probe currents are dominated by displacement currents due to time-varying plasma potentials. Figure 8 (a) shows a typical transient effects from a spot discharge. One spot arises at the start of the discharge and produces a very steep current rise. It triggers a high frequency probe ringing response during the time interval Dt 1 and a second lower frequency ringing during Dt 2 started by a current discontinuity at the beginning of the current reversal when the inductive voltage has its peak positive value. A Fast Fourier Transform (FFT) shows that the high frequency transient contains a spectrum of harmonics of the low frequency ringing [ Fig. 8(b) ]. This feature suggests transmission line resonances whose amplitude depends on the current rise time which triggers the ringing. The ringing is not visible in the magnet current, hence a probe effect.
Since cathode spots can occur on both the magnet and a negatively biased probe, ringing can be excited from different locations with different frequencies, an example of which is shown in Fig. 9 . The current waveforms are shown to identify the time and location of the spots [ Fig. 9(a) ]. The biased probe location is indicated in the insert. The first magnet current rise involves no spot but the second one is sharp enough to indicate a weak spot and triggers ringing in a small Langmuir probe [ Fig. 9(b)] . The biased probe current shows a large current pulse accompanied by a strong rf transient on the Langmuir probe. Expanding the time scale [Figs. 9(c) and 9(d)] confirms that the current rise on the magnet triggers a low frequency ringing while the probe arc excites a high frequency oscillation, which itself is the harmonic of the low frequency [ Fig. 9(e) ].
The high frequency oscillation is also visible on the magnet current. Since the magnet does not produce this oscillation, it then acts like an antenna, which picks up an electromagnetic rf field. The rf oscillation is superimposed on the magnet "dc" current and can exceed the latter as shown in Fig. 10 . The current waveforms in Fig. 10(a) show that the probe arcs before the magnet does and a large rf ringing is induced on I magnet by it. The probe may also arc in the afterglow of the magnet current where no magnet arcs are possible [ Fig. 10(b) ], yet the ringing is still visible on the magnet current. The ringing frequency has a small 18 MHz component and a large line at 37 MHz for oscillations both in the discharge and its afterglow (not shown). The current to the plane probe shows no oscillations. Thus, these oscillations are those of the receiving Langmuir probe, which are triggered by fast current steps in the plane probe current.
Cathode spots on the plane probe also create ringing in the plane probe circuit. To avoid two sources of arcs, the plane probe is pulsed negatively while the magnet is floating. Figure 11(a) shows the plane probe current exhibiting several sharp current rises due to spots. Each create strong ringing in other probes, e.g., in the electric field probe [ Fig.  11(b) ]. The ringing frequencies of the plane probe and the receiving E-field probe are different which is best seen on an expanded time scale in Figs. 11(c) and 11(d) . The plane probe rings at about 54 MHz for both cathode and anode spots, as determined by FFTs of the transient oscillations. The E-field probe starts to ring at high frequencies (150 MHz), followed by lower frequency ringing (21 MHz) and an even slower transient (4.9 MHz) when the discharge ends. One must conclude that the E-field probe signal is due to its own resonances being excited by the sharp current rises of spots and overwhelming the detection of the 54 MHz oscillation in the plane probe circuit.
These examples indicate that transient effects are present on most probes used to study pulsed current circuits. Each probe has its own resonances and the rise time of the current perturbation determines the spectrum excited. It can become very difficult to identify the source of oscillations when spots occur at random times and locations. Electromagnetic effects are unavoidable since spots create current variations on nanosecond time scales. The electromagnetic voltages induced along probe shafts can invalidate spatially resolved probe measurements.
IV. CONCLUSION
High current magnetron discharges have been investigated. These differ from regular cross-field discharges by the appearance of cathode spots, which are short duration arcs that melt and ionize the cathode surface material. Their high density currents provide a much larger electron emission current than that of secondary electron emission by impact of energetic ions. The rapidly varying high discharge current produces electromagnetic effects. The discharge inductance and a charging capacitor form a resonant circuit whose voltage and currents oscillate. The L À C time determines the current pulse width and its peak value, given the initial capacitor voltage. When the magnet voltage oscillates, the magnet changes between cathode and anode, collecting either ions or electrons. In the latter case, spots become anode spots. Spot discharges have also been produced on a plane Langmuir probe biased to comparable voltages as the magnet. The discharge current is independent of the cathode surface area since it occurs on sub-millimeter scales producing extremely high current densities. Since the Hall current of a localized spot discharge is not closed, the electrons can drift across the field and rapidly close the current.
The rapidly varying discharge current of spots produces large inductive electric fields that induce transients and damped rf oscillations in the current circuit probes and in probes. Their properties have been investigated since the 
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large and sometimes long lasting oscillations interfere with plasma diagnostic applications.
The transient oscillation frequency is much higher than the L À C oscillation of the discharge current. Thus, the rf frequency must be determined by the spot properties rather than the external circuit. Cathode and anode spots produce different ringing frequencies. Although the rf frequency is well below the electron cyclotron frequency, it is unlikely to be a whistler mode since the ringing is also observed on a probe located outside the dipole magnetic field. The role of the return current channel in generating rf oscillations also needs to be further investigated.
The effects of spot discharges on sputtering applications have not yet been explored but they are likely to affect the uniformity and sputtering rate compared to low power dc magnetrons. Other potential applications could be to couple the pulsed discharge power into a resonant circuit to generate high rf power (100 kW at 1 MHz).
